The myosin heavy chain (MyHC) 1 proteins expressed in striated muscle comprise a family of isoforms, members of which can be distinguished by differences in ATPase activity (1, 2) and antibody immunoreactivity (3) (4) (5) . The expression of specific MyHC isoform(s) within individual muscle fibers is primarily responsible for the rate of fiber contraction, and, for convenience, each member of the MyHC family can be assigned to either a fast or a slow class based on expression in either fast or slow contracting muscle fibers. Multiple MyHC isoforms of either the fast or slow class can be coexpressed within a single muscle fiber, and some fibers coexpress isoforms of both classes (2, 6) .
Numerous MyHC isoforms of the fast class have been identified in both mammalian and avian striated muscles, and genes encoding many of the fast MyHC isoforms have been isolated (7) (8) (9) (10) (11) . In mammals, the only MyHC isoform characterized in slow skeletal muscle is encoded by the ␤-cardiac/slow MyHC gene (12) (13) (14) (15) , although immunological data suggests that additional slow isoforms may exist (16) . In contrast, using electrophoretic (17, 18) and immunological (3, 19, 20) techniques, three distinct avian slow MyHC protein isoforms have been described, but none of the genes encoding these slow MyHCs have been previously isolated.
Members of the MyHC gene family show developmental stage-specific expression, with different MyHC isoforms expressed in fibers formed during embryonic, fetal, and adult periods of myogenesis (5, 20, 21) . At each stage of development both intrinsic and extrinsic factors influence the pattern of MyHC isoforms expressed. An intrinsic process has been identified in birds (3, (22) (23) (24) and rats (25) wherein different precursor populations of myoblasts give rise to fibers expressing either exclusively fast or both fast and slow MyHC isoforms, indicating that fibers of different types have different cellular origins. Once formed, skeletal muscle fibers may undergo a process of modulation, whereby extrinsic factors such as innervation and hormones affect changes in the MyHC isoforms expressed (26, 27) .
The pattern of fast and slow fiber type distribution, evident in the anatomical muscles of the adult, is established in the limb when the first fibers, primary fibers, differentiate (5, 6) . In both avian and mammalian limbs, this pattern can be discerned early during myogenesis by the differential expression of slow MyHC isoforms in a subset of primary muscle fibers (3) (4) (5) (6) 28) . Based on immunopeptide mapping, the isoform designated slow MyHC 3 is the principle slow MyHC isoform expressed in slow embryonic muscle fibers of the embryonic chick limb (20) . In the limb, expression of slow MyHC 3 is largely restricted to the embryonic stage of myogenesis. As development proceeds, slow MyHC 3 is down-regulated and is replaced by the slow MyHC 1 and 2 isoforms in adult slow skeletal fibers (19) . Similar slow MyHC isoform transitions may occur in mammalian muscle fibers that initially express the ␤-cardiac/slow gene (16) . Thus, expression of slow MyHC 3 marks commitment of embryonic myoblasts to formation of the slow muscle fiber lineage, and an understanding of the regulation of slow MyHC 3 in the slow-fiber subset of embryonic muscle cells may provide an insight into the mechanism(s) that establishes fiber type patterning in the limbs.
We have isolated and sequenced overlapping cDNA clones encoding the complete quail slow MyHC 3 message. From cDNA sequence, isoform-specific probes were used to isolate genomic clones comprising the entire slow MyHC 3 gene which was sequenced in its entirety, including greater than 2.5 kb of DNA upstream of the transcription initiation site. Northern analysis and in situ hybridization demonstrate that expression of slow MyHC 3 in developing limb muscle occurs only during the stages of development when the pattern of slow MyHC expression is established and when distinctions between the fast and slow muscle fibers first become apparent. Similar to mammalian ␤-cardiac/slow MyHC, quail slow MyHC 3 is also expressed in cardiac as well as slow skeletal muscle. In heart development, slow MyHC 3 is expressed initially in both the atria and ventricles, but as development proceeds, expression becomes restricted to the atria. 2 We have identified a region of the slow MyHC 3 promoter, capable of directing muscle-specific expression in slow MyHC-expressing myotubes following transfection into embryonic quail myoblast cultures, which provides a means of dissecting the mechanism(s) that leads to a commitment of cells to the slow muscle cell lineage.
EXPERIMENTAL PROCEDURES
Isolation and Characterization of Slow MyHC 3 cDNAs-A cDNA expression library was commercially constructed in the ZAP phagemid vector (Stratagene) from mRNA isolated from embryonic day 10 (ED10) quail skeletal muscle cells serially passaged in culture. After differentiation, these muscle cells express MyHC protein reactive with the slow MyHC-specific monoclonal antibody, S58 (mAb S58) (5, 22) . The XL-1 Blue (Stratagene) host strain was infected with phage from the cultured skeletal muscle library and peptide fragments were expressed from quail cDNA inserts. Using mAb S58 as a probe, several clones, including MyHC 3-2 ( Fig. 1A) , were isolated by a previously published procedure (29) .
Preliminary studies showed that the quail atria are a rich source of slow MyHC 3 RNA. Two additional cDNA libraries were constructed from RNA isolated from either ED10 quail heart in the ZAP vector or 1 day post-hatch quail atria in gt 10 (Life Technologies, Inc.). cDNA clones overlapping MyHC 3-2 were isolated from these cardiac libraries using isoform-specific oligonucleotide probes.
Following excision of plasmid from phage, quail cDNA inserts were sequenced using a dideoxynucleotide chain termination procedure (30) used in a polymerase chain reaction method (31) . All oligonucleotide sequences used in sequencing reactions and as probes of genomic libraries were commercially synthesized (Operon).
Isolation and Characterization of Slow MyHC 3 Genomic ClonesQuail genomic libraries, constructed in either Charon 4A or EMBL 18 vectors, were generously provided by Dr. D. Pinney and Dr. C. Emerson. Approximately 2 ϫ 10 5 plaque-forming units from each library were screened using a T4 polynucleotide kinase-labeled oligonucleotide (5Ј-GGTCAATGTCAAGGGATCCCAGAAGC-3Ј), complementary to coding sequence in the MyHC 3-2 cDNA clone. Overlapping genomic clones, QSM2, containing approximately 16 kb, and QSM4, containing approximately 14 kb of quail genomic DNA, were isolated and plaque-purified (Fig. 1B ). An additional clone, QSM6, containing approximately 16 kb of quail DNA, was isolated using 786 base pairs of quail genomic DNA sequence from the 5Ј end of QSM4 as a probe. Using standard methods (32) overlapping fragments of QSM2, QSM4, and QSM6, containing greater than 36 kb of contiguous sequence, were subcloned into the Bluescript II phagemid vector (Stratagene). Sequencing on both strands produced greater than 17 kb of continuous sequence from this gene.
Primer Extension Analysis-To determine the 5Ј end of the slow MyHC 3 mRNA, a primer extension reaction was performed (32) using RNA isolated from 1 day post-hatch quail atria as a template. An oligonucleotide primer, complementary to mRNA sequence in the third exon of the gene, was 5Ј end-labeled and annealed to 10 g of total RNA. Reverse transcriptase was added to a reaction mixture containing 2 mM of each deoxynucleotide to synthesize a complementary DNA extending to the 5Ј end of the message. The primer extension product was electrophoresed through a polyacrylamide gel under denaturing conditions, and its size determined by comparison with a sequence ladder run in adjacent lanes.
RNA Analysis of Slow MyHC 3 Expression-Total cellular RNA was isolated from quail tissues (33) , and poly(A) ϩ RNA was prepared using biotinylated oligo(dT) and streptavidin paramagnetic particles (Promega). For analysis on Northern blots, 2.5 g of poly(A) ϩ RNA was denatured and separated on a 1% agarose denaturing gel followed by overnight transfer to nitrocellulose filters by capillary blot. For RNA slot blot analysis, 10 g of total RNA was applied to nitrocellulose membrane. Filters baked 2 h at 80°C were sealed in a plastic bag containing 10 ml of prehybridization solution (50% formamide, 5 ϫ SSC, 10 mg/ml denatured salmon sperm DNA, and 1% SDS), and incubated for a minimum of 4 h at 45°C.
A 104-bp fragment, complementary to sequence in the 3Ј-untranslated region of the slow MyHC 3 cDNA, was cloned into Bluescript II and a 32 P-labeled slow MyHC 3-specific cRNA probe was transcribed from the T7 RNA promoter. Approximately 3 ϫ 10 7 cpm of labeled probe was annealed overnight at 54°C to immobilized RNA. Unbound counts were removed by stringent washes at 70°C in 0.1ϫ SSC, 0.5% SDS for 40 min total. To assess the quality, and verify accurate quantitation, 2.5 g of poly(A)
ϩ RNA from each sample was analyzed by Northern blot using a 1.2-kb random-prime labeled (Pharmacia Biotech Inc.) fragment of the quail glyceraldehyde-3-phosphate dehydrogenase cDNA as a probe (a gift of Dr. K. Bister). To demonstrate that mRNA isolated from ED12 hindlimbs was derived from muscle tissue, and to follow the time course of muscle development in the thigh, a 2.1-kb fragment of the chicken embryonic fast MyHC (cefMyHC) cDNA (a gift of Dr. J. Robbins) and a chicken skeletal ␣-actin cDNA probe, containing 350 bp of the 3Ј-untranslated region (a gift of Dr. C. P. Ordahl), were labeled and hybridized to duplicate blots. Approximately 2 ϫ 10 7 cpm of glyceraldehyde-3-phosphate dehydrogenase, cefMyHC, or ␣-actin probes were hybridized overnight to blots at 42°C, and unbound counts were removed by washing at 64°C in 0.1 ϫ SSC, 0.5% SDS twice for a total of 40 min.
Slot blots were scanned with a laser densitometer (LKB Ultroscan XL) and analyzed with Gelscan XL software (Pharmacia). To permit comparison among samples isolated and analyzed at different times, a single ED10 hindlimb RNA sample was selected as a reference, an aliquot of which was included as a standard on all blots. The level of expression from the standard was set at 1.0 for each of the probes used, and developmental levels of MyHCs and ␣-actin were expressed relative to the standard.
In Situ Hybridization-The tissue localization of slow MyHC 3 mRNA was examined by in situ hybridization of an isoform-specific cRNA to paraformaldehyde-fixed, paraffin-embedded quail ED10 heart and thigh closely following the protocol outlined by Sassoon and Rosenthal, 1993 (34) . 35 S-Labeled cRNA probes, complementary to coding and non-coding strands of 3Ј-untranslated sequence of slow MyHC 3, were generated from the 104-bp slow MyHC 3 cDNA plasmid described above, using T7 or T3 RNA polymerase. Following hybridization and wash steps, slides were coated with Kodak NTB-2 liquid emulsion and exposed for 1-7 days.
Slow MyHC 3-CAT Chimeric Constructs-Portions of the slow MyHC 3 gene were cloned upstream of the bacterial chloramphenicol acetyltransferase (CAT) reporter gene using standard procedures (32) . In addition to various amounts of 5Ј-flanking sequence, all constructs contained exon 1, intron 1, and the first 11 bp of exon 2. Promoter sequences were isolated from phage clones QSM4 (680 bp) and QSM6 (4500 bp) and cloned upstream of the CAT gene, making use of convenient restriction endonuclease sites in exon 2 (BglII), and at positions Ϫ290 (PstI), Ϫ680 (BamHI), Ϫ2600 (BamHI), and Ϫ4500 (SphI) relative to the transcriptional initiation site (ϩ1).
Cell Culture and Transfection-Myoblast and fibroblast cells were isolated from ED6 and ED5 quail embryos, respectively. Primary muscle cultures prepared from hindlimbs were grown at a density of 10 6 cells per 60 mm gelatin-coated culture dish in FM (Ham's F-10 supplemented with 15% horse serum, 5% chicken embryo extract, 1% glutamine, 0.9 mM CaCl 2 , and 100 units/ml each of penicillin and streptomycin) supplemented with an equal volume of CM (FM that had been conditioned by chicken ED12 hindlimb cell culture). Hindlimb cultures were switched to a serum-free medium of Dulbecco's modified Eagle's medium/F-12 supplemented with 10 Ϫ6 M insulin, 5 mg/ml transferrin, 10 Ϫ9 M selenium, and 100 units/ml each of penicillin and streptomycin 1 day following transfection. Fibroblasts, dissociated from quail embryos that had head, limbs, and viscera removed, were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2% chicken serum, and 100 units/ml each of penicillin and streptomycin. Fibroblast cultures were passaged (split 1:3) to eliminate myogenic cells before being used in transfection experiments. Representative samples of muscle and fibroblast cultures stained with monoclonal antibodies specific for fast and slow MyHC proteins confirmed that fibroblast cultures contained no muscle cells and that slow fiber myotubes were present in the hindlimb cultures.
Myoblast and fibroblast cell cultures were transfected by the CaPO 4 precipitation method (35) 1 day after plating. A transfection mixture containing 2.5 g of slow MyHC 3-CAT DNA and 0.1 g of a Rous sarcoma virus-driven lacZ expression plasmid (36) was added to each 60-mm plate and incubated for 4 h at 37°C. Following a 90-s glycerol shock, transfected cells were washed twice with Dulbecco's modified Eagle's medium and grown in the appropriate medium.
CAT and ␤-galactosidase (␤-gal) proteins were extracted from transfected cells 48 h after transfection by suspending washed cells in 100 l of ice-cold 250 mM Tris buffer, pH 7.5, followed by three freeze/thaw cycles. CAT activity was measured in extracts by using [ 14 C]chloramphenicol, and assays were performed in the linear range of the reaction. Acetylated and nonacetylated products resulting from the reaction were separated by thin layer chromatography on silica gel plates. Following autoradiography, reaction products were cut from the plate and quantitated by liquid scintillation counting. ␤-gal activity was assayed spectrophotometrically (37) using O-nitrophenyl-␤-D-galactopyranoside in 0.1 M phosphate buffer as a substrate. ␤-gal units were determined by comparison to a standard curve made with Escherichia coli ␤-gal standards.
Within each experiment, the effect of differences in transfection efficiency between plates was minimized by expressing the activity of each slow MyHC 3-CAT construct relative to ␤-gal activity. For comparison between multiple experiments, expression from the non-tissuespecific SV40 promoter was set at unity for each experiment and the level of expression of each of the slow MyHC 3-CAT constructs adjusted accordingly. The S.E. reported is thus calculated from the sum of adjusted CAT values from several experiments. To ensure reproducibility of results, transfections comparing different constructs and activity in different cell types were repeated and the same transfection mixture was used to transfect both myoblast and fibroblast cells.
RESULTS
Isolation of Slow MyHC 3 cDNA Clones-mAb S58, which specifically recognizes isoforms of MyHC present in slow skeletal and cardiac muscle (6, 20) was used to probe a quail ED10 skeletal muscle cDNA expression library. One of the reactive clones, MyHC 3-2 ( Fig. 1A) , containing approximately 1600 bp of quail cDNA, was sequenced. A conceptual translation into amino acid sequence demonstrated that this quail cDNA encodes a polypeptide of approximately 500 amino acids comprising a portion of a MyHC rod. A comparison with nucleotide sequences in the GenBank/EBI data base showed that the isoform encoded by MyHC 3-2, designated slow MyHC 3, is more homologous to mammalian ␣-cardiac and ␤-cardiac/slow MyHCs than to published avian fast MyHC isoforms. Using isoform-specific probes, additional slow MyHC 3 cDNA sequence, extending further 5Ј and encoding most of the aminoterminal half of the slow MyHC 3 protein, was isolated from the skeletal muscle library (Fig. 1A ).
An initial investigation into the expression of slow MyHC 3 in avian tissues revealed an abundance of this isoform in the atria. Accordingly, atrial cDNA libraries were constructed and cDNA clones were isolated that overlapped those from the skeletal muscle library. Together, the isolated cDNAs extended to within 10 bp of the transcription initiation site and to a position 68 bp downstream from the putative translational termination codon. Two independently isolated clones, including MyHC 52 (Fig. 1A) , terminate at the identical nucleotide 7 bp upstream of a poly(A) addition signal sequence (AATAAA). A chicken cDNA, AMHC1, with strong sequence homology to MyHC 52 in the 3Ј-untranslated region has been reported (38) and may encode the chicken homologue of quail slow MyHC 3. A comparison of quail and chicken 3Ј-untranslated sequences suggests that the mature quail mRNA may extend approximately 27 nucleotides beyond the 3Ј end of clone MyHC 52.
Together, the overlapping cDNA clones contained the entire coding sequence of a slow MyHC isoform, plus 54 bp of 5Ј-untranslated and 68 bp of 3Ј-untranslated sequence. The mature message encoded by the slow MyHC 3 gene is at least 5956 nucleotides long (excluding the poly(A) tail), in agreement with its size as determined by Northern blot analysis (see below). This mRNA is predicted to encode a protein of 1931 amino acids with a calculated molecular mass of approximately 230,000 daltons, similar to other reported MyHC isoforms.
Isolation of Slow MyHC 3 Genomic DNA Clones-Quail genomic libraries were screened with slow MyHC 3 isoformspecific oligonucleotide probes, and overlapping phage clones encoding the entire slow MyHC 3 message were obtained (Fig.  1B) . Together, the quail DNA contained in these clones constituted the slow MyHC 3 gene plus 5Ј-and 3Ј-flanking sequences. Overlapping plasmid subclones of quail genomic DNA were constructed and sequenced. Phage clone QSM2 contained approximately 16 kb of slow MyHC 3 genomic DNA including translated exons encoding a portion of the head and the entire rod region of the protein, plus greater than 6.5 kb extending beyond the 3Ј end of the mature mRNA. Phage clone QSM4 extended approximately 6 kb upstream of the 5Ј end of clone QSM2, and contained sequence encoding the amino-terminal portion of the protein, 5Ј-untranslated sequence, and approximately 680 bp upstream of the transcription initiation site. All of the exons and introns of the gene have been sequenced.
One additional phage clone, QSM6, overlaps QSM4 by approximately 350 base pairs and extended upstream by more than 16 kb. A plasmid subclone containing approximately 2.2 kb of quail DNA at the 3Ј end of clone QSM6 was constructed and sequenced. Thus, approximately 2.6 kb in the 5Ј-flanking region of the slow MyHC 3 gene have been sequenced and analyzed for common regulatory motifs. In all, approximately 36 kb of quail genomic DNA, including nearly 17 kb of sequence extending upstream of the slow MyHC 3 transcription initiation site, is contained in the three overlapping phage clones.
Organization of the Slow MyHC 3 Gene-The organization of the slow MyHC 3 gene into exons and introns was determined by comparing the nucleotide sequence of genomic clones with that from the composite full-length cDNA sequence. Exon/intron boundaries, identified by interruptions in homology between genomic and cDNA sequence, in every instance were flanked by consensus AG and GT dinucleotides 5Ј and 3Ј of each exon. The slow MyHC 3 cDNA sequence was contained in 40 exons, spread over 14.3 kb of the genome (Fig. 1B) . Three nucleotide differences found between cDNA and genomic DNA clones were all silent base changes in translated portions of the message, and likely arise due to allelic variation between the different birds used to construct the cDNA and genomic DNA libraries.
Using atrial RNA as a template and a primer with sequence complementary to a region in exon 3, reverse transcription produced two major primer extension products of 102 and 104 nucleotides (Fig. 2) . Measured from the priming site, these transcript sizes are 9 -11 nucleotides longer than the MyHC 54 cDNA, and establish the site of transcriptional initiation for the slow MyHC 3 gene (Fig. 3A) .
An examination was made of the nucleotide sequence upstream of the slow MyHC 3 transcription initiation site (ϩ1) for potential transcriptional regulatory motifs (Fig. 3A) . Numerous sequence motifs associated with transcriptional regulation of contractile protein genes in striated muscle were identified in the proximal promoter (defined as the first 840 bp of 5Ј-flanking sequence) as well as in sequence further upstream. The sequence, CATAAAA, is located 23-25 bp upstream of the transcription initiation site in a position where it presumably acts as the TATA motif.
Within the first 290 bp of the slow MyHC 3 promoter two sequence motifs, 5Ј-CCTTCCT-3Ј and 5Ј-CATTCCA-3Ј (noncoding strand), centered on positions Ϫ114 and Ϫ174, respectively, show homology with the consensus M-CAT motif (39).
The Ϫ174 M-CAT motif is embedded in a larger sequence, 5Ј-CTGTGGAATG-3Ј, identical to sequence in the rat and human ␤-cardiac MyHC genes essential for muscle-specific expression (40, 41 ). An A/T-rich region, 5Ј-CTAAAAAATTCCT-3Ј, located on the non-coding strand between Ϫ68 and Ϫ80, has limited homology with MEF-2 (42) and MHox (43) binding site motifs, and a C-rich region, centered on position Ϫ92 is identical in 12 of 14 positions with that in rat and human ␤-cardiac MyHC genes (40, 41) . This C-rich motif is conserved among genes expressed in both cardiac and skeletal muscle (40, 44) , a characteristic of the slow MyHC 3 gene.
Between Ϫ290 and Ϫ680 are located two sequence motifs, which may play a role in restricting contractile protein gene expression to muscle cells. A MEF-3 (44) binding site motif is located between Ϫ329 and Ϫ318, and an N-box (45) is located between Ϫ430 and Ϫ425 on the non-coding strand. Both elements are located in a portion of the slow MyHC 3 promoter important for skeletal muscle-specific expression (see below).
Located between Ϫ680 and Ϫ840 in the slow MyHC 3 promoter are three sequence motifs, HF-1A (46), vitamin D receptor (47) , and GATA (48), important elements in the expression of contractile protein genes in cardiac tissue. This region also contains a potential M-CAT motif on the non-coding strand centered on Ϫ814, and a poor E-box consensus at Ϫ805.
A conceptual translation to amino acid sequence from the slow MyHC 3 cDNA suggests that translation of the message is initiated at the methionine codon which begins the third exon. At the amino acid level, over the full length of the protein, slow MyHC 3 shares greatest homology, approximately 90%, with mammalian ␣-and ␤-cardiac MyHC isoforms (49) . In contrast, slow MyHC 3 has approximately 80% amino acid homology with the chicken embryonic fast skeletal isoform (50) , and only 40% homology with chicken smooth muscle MyHC (51). Sequence in the amino-terminal portion of the molecule shows the greatest divergence from other MyHC proteins. A comparison of amino acid sequence encoded by exon 3 in slow MyHC 3 with the corresponding region of other fast and cardiac/slow MyHC isoforms reveals significant differences, with homology falling FIG. 2 . Identification of the slow MyHC 3 transcriptional initiation site by primer extension. An oligonucleotide primer complementary to sequence in exon 3 was annealed to 10 g of RNA isolated from quail atrial and liver tissues, and extended using reverse transcriptase. The reaction with RNA from the atria produces two major products of 102 and 104 nucleotides. The primer does not hybridize with RNA from the liver. A sequence ladder (lanes G, A, T, and C) generated with the same primer on QSM4 genomic DNA was used as a size standard.
below 50% (Fig. 3B) .
Expression of Slow MyHC 3 in Quail Tissues-Using 3Ј-untranslated sequence as a probe, expression of slow MyHC 3 was investigated in quail tissues. Low levels of slow MyHC 3 transcripts were detected in mRNA isolated from ED10 quail thigh muscle (Fig. 4A, lane 4) , but not in mRNAs from stomach (smooth muscle), liver, or brain (Fig. 4A, lanes 1, 3, and 5) . The richest source of slow MyHC 3 mRNA in the embryonic quail is the heart, with a level of expression at least an order of magnitude greater then in thigh muscle (Fig. 4A, lanes 2 and 4) . By Northern blot, the size of the predominant slow MyHC 3 transcript, approximately 6000 nucleotides, corresponds well to that predicted from the cDNA sequence (Ͼ5946 bp). Additionally, a shorter, less abundant slow MyHC 3 mRNA species is consistently found in mRNA from the atria, and following longer exposure, in mRNA from skeletal muscle as well (Fig. 4C,  lane 9) . The nature of this small transcript population is currently under investigation. To demonstrate that equivalent amounts of non-degraded mRNA were loaded from each tissue, samples were probed with a portion of the non-tissue-specific quail glyceraldehyde-3-phosphate dehydrogenase cDNA.
The time course of slow MyHC expression in the thigh was followed by RNA slot blot analysis. Slow MyHC 3 is expressed during early development, rising from ED4 to a maximum at ED10, and thereafter decreasing to barely detectable levels by ED12 (Fig. 5A) . Because the proportion of muscle to non-muscle cells in the limb may change during development, chicken embryonic fast MyHC and skeletal ␣-actin probes were used to measure the relative expression of muscle-associated mRNAs (Fig. 5B) . In contrast to the decline in slow MyHC 3 after ED10, total MyHC and ␣-actin mRNA levels increased in the thigh as development entered the fetal stage of skeletal muscle development (ED10 -18).
Within the developing muscles of the avian leg, slow and fast fiber types can be distinguished by differential reaction with slow-specific mAb S58. At ED12, when it is possible to cleanly dissect and isolate individual muscles, Northern analysis demonstrated that the medial adductor, all fibers of which express mAb S58-reactive slow MyHC(s), expressed significantly more slow MyHC 3 then a comparable amount of the superficial biceps muscle, the fibers of which express almost no mAb S58-reactive MyHCs (Fig. 4B, lanes 8 and 9) . The same samples hybridized with a fast MyHC probe demonstrated higher levels of fast MyHC(s) in the superficial biceps than in the medial adductor (Fig. 4D, lanes 11 and 12) . Furthermore, in situ hybridization of the slow MyHC 3-specific RNA probe to sections of the quail ED10 thigh detected an accumulation of message in various muscles proportional to the percentage of slow fibers they contain (Fig. 6A) . Thus, the medial adductor showed a greater signal then the adjacent lateral adductor, a muscle that contains more fast than slow MyHC-expressing fibers. Hybridization with a sense strand probe showed no signal over background (data not shown). Together these results strongly support the conclusion that expression of the slow MyHC 3 gene in skeletal muscle is restricted to slow muscle fiber types during early embryonic development.
Previous work has shown that the mAb S58-reactive, slow MyHC isoform present in the atria of the embryonic heart has an immunopeptide pattern identical to the slow MyHC present in the embryonic hindlimb (20) , while the early embryonic ventricle does not express mAb S58-reactive, slow MyHC (52) . In agreement with protein localization, a Northern blot analysis using the slow MyHC 3-specific probe demonstrated abundant slow MyHC 3 message in ED14 atrial but not ventricular muscle (Fig. 4B, lanes 6 and 7) . In situ hybridization of a slow MyHC 3-specific RNA probe to sections of the quail ED10 heart confirmed that this gene was highly expressed in the atria, but was expressed at background levels in the ventricle (Fig. 6B) . Hybridization with a sense strand probe showed no significant signal over either atrial or ventricular muscle (data not shown).
Muscle-specific Expression of Slow MyHC 3-Reporter Constructs in Vitro-To identify cis-acting elements of the slow MyHC 3 gene important in establishing the expression pattern observed in vivo, portions of the 5Ј end of the gene containing the first exon, the first intron, about half of the second exon, and various amounts of 5Ј-flanking sequence were cloned in front of the bacterial CAT gene (Fig. 7A) . Using a standard CaPO 4 transfection protocol these chimeric constructs were introduced into primary cultures of embryonic myoblasts from quail muscle and quail fibroblast cells. Because the gene is maximally expressed in muscle containing predominately embryonic muscle fibers (primary fibers), myoblasts from ED6 hindlimbs, which form fibers in cell culture that express mAb S58-positive, slow MyHC(s), were used. Growth of these cultures in serum-free media promoted differentiation of the myoblasts into muscle fibers, enhanced the expression of slow MyHC 3-CAT constructs, and reduced overgrowth by non-muscle cells. In each experiment, the expression of the CAT reporter was determined by enzymatic assay on duplicate dishes and normalized for transfection efficiency to the expression of a cotransfected Rous sarcoma virus-driven, ␤-gal reporter.
Inclusion of the proximal 290 bp of the slow MyHC 3 promoter, which contains potential muscle-specific regulatory sequences including M-CAT and MEF-2/MHox motifs, in a CAT ϩ RNA from embryonic quail tissues were loaded per lane, blotted to nitrocellulose, and probed with either a slow MyHC 3-specific cRNA (lanes 1-10) , or a chicken embryonic fast MyHC cDNA (lanes 11-13) . Parallel blots, probed with the quail glyceraldehyde-3-phosphate dehydrogenase cDNA, demonstrate that approximately equivalent amounts of intact poly(A)
ϩ RNA were applied in each lane. A (lanes 1-5) , a major band of approximately 6 kb is present in RNA samples from ED10 quail atria and thigh but not in samples from the stomach, liver, or brain. In addition to the expected 6 kb mRNA, the position of a smaller, less abundant species is marked with an asterisk. B (lanes 6 and 7) , in the ED14 heart, slow MyHC 3 is confined to the atria. C (lanes 8 -10) , in ED12 mRNA samples from fast (Sup. Biceps) and slow fiber (Med. Add.) muscles, slow MyHC 3 transcripts predominate in the slow fiber muscle. D (lanes 11-13), mRNA from the ED12 fast fiber superficial biceps contains abundant MyHC transcripts recognized by the fast embryonic MyHC probe, while the slow fiber medial adductor contains significantly less.
FIG. 5.
Expression of slow MyHC 3 in the quail hindlimb during development. 10 g of total RNA, isolated from quail limb buds or hindlimbs at 2-day intervals between ED4 and ED18, was affixed to nitrocellulose. The level of slow MyHC 3 (open boxes), total MyHC (filled boxes), and skeletal ␣-actin (open circles) expressed at each time point is shown relative to an ED10 standard. A, samples probed with the slow MyHC 3-specific probe showed a peak level of expression at ED10, followed by a rapid decline. B, a rise in total MyHC and skeletal ␣-actin occurs after ED10, when slow MyHC 3 levels are declining. MyHC was measured with a 2.1-kb protein-encoding fragment of the chicken embryonic MyHC cDNA, a fast MyHC isoform, and ␣-actin was measured with a 350-bp fragment containing the 3Ј-untranslated region of the chicken skeletal ␣-actin cDNA.
reporter construct (SM3CAT-290) permits a high level of CAT expression in quail ED6 hindlimb muscle cultures (Fig. 7B) . However, this construct also permits limited expression of CAT in ED5 fibroblast cells. An additional 390 bp of promoter sequence (SM3CAT-680), containing a N-box and a MEF-3 binding site motif, had no effect on expression in muscle cells, but suppressed expression of the reporter in fibroblast cells greater than 5-fold (Fig. 7B) . Longer slow MyHC 3 constructs (SM3CAT-2600 and SM3CAT-4500) retained muscle specificity, with the SM3CAT-4500 construct showing a 3-fold greater level of expression in the muscle cultures when compared to proximal promoter constructs (SM3CAT-290 and SM3CAT-680). The SM3CAT-2600 construct consistently showed half the level of activity in muscle cell cultures, as compared with the shorter SM3CAT-680 construct, although the sequence between Ϫ2600 and Ϫ680 does contain two consensus E-boxes, a consensus M-CAT, and two MEF-2-like motifs.
Because ED6 hindlimb cultures contain both muscle fibers and non-muscle cells, the cell type(s) that expressed the CAT reporter was determined by immunofluorescent staining of cultures with antibodies against MyHCs and CAT proteins (Fig.  8) . Neither muscle fibers nor non-muscle cells in cultures transfected with the promoter-less pCAT-basic construct stained with the CAT antibody, but staining for CAT was observed in both muscle fibers and non-muscle cells transfected with a construct in which the non-tissue-specific SV40 promoter directed CAT expression (data not shown). By contrast, in hindlimb embryonic myoblast cultures transfected with the SM3CAT-680 construct, CAT expression was detected only in skeletal muscle fibers that formed during the culture period (Fig. 8, B and D) . Furthermore, double staining of SM3CAT-680-transfected cultures with the CAT antibody and mAb S58 demonstrated detectable transgene expression principally in muscle fibers with a substantial amount of slow MyHC (Fig. 8,  C and D) . Thus, cis-elements in the proximal promoter of the slow MyHC 3 gene appear to be sufficient to direct expression to slow embryonic muscle fibers in vitro. DISCUSSION A family of myosin heavy chain genes have been identified in mammalian (7, 8) and avian (9 -11) genomes. The expression of different members of this family has been shown to be regulated in developmental stage-specific (5, 21), fiber type-specific (6, 53) , and hormone-dependent (27) fashion. In avian skeletal muscle, three MyHC proteins of the slow class can be distinguished by differences in electrophoretic mobility, peptide maps, and reactivity with monoclonal antibodies (5, 18, 20, 54) . Two of the slow MyHC isoforms, slow MyHC 1 and 2, are found in adult slow skeletal fibers (18, 54) . The third, slow MyHC 3, was detected during the earliest stages of myogenesis in limb muscle (20) , and in atrial muscle throughout development (20, 52) . This pattern of expression was reproduced by Northern blot analysis using 3Ј untranslated sequence of a quail MyHC cDNA as a probe (Fig. 4) . The probe does not hybridize with RNA isolated from the early post-hatch anterior latissimus dorsi muscle, a slow skeletal muscle expressing slow MyHC 1 and 2 in roughly equal proportions (19) , nor does it hybridize to RNA from adult pectoralis, a fast fiber muscle (data not shown). Thus, the concordance in the spatial and temporal patterns of expression support the conclusion that the MyHC gene reported here encodes the previously identified slow MyHC 3 protein (20) . We believe that slow MyHC 3 is the first avian slow MyHC gene sequenced, and that investigation of the regulation of its expression may provide information on the origin of the slow skeletal muscle cell lineage.
Organization of the Quail Slow MyHC 3 Gene-By comparing cDNA and genomic DNA nucleotide sequences, the exon/ intron organization of the slow MyHC 3 gene was determined to consist of 40 exons spanning approximately 16 kb of genomic DNA. The first two exons are untranslated, with the putative ATG methionine initiator codon beginning the sequence of exon 3. The last exon of the slow MyHC 3 gene encodes six amino acids plus approximately 100 base pairs of 3Ј-untranslated sequence.
Nucleotide sequence comparison between slow MyHC 3 and MyHC genes in the GenBank/EBI data bases showed that slow MyHC 3 is more closely related to mammalian ␣-cardiac and ␤-cardiac/slow isoforms then to the chicken embryonic fast skeletal MyHC, an isoform also expressed during primary fiber formation (6, 55) . Consistent with previous results based on more limited sequence (38) , nucleotide sequence comparison does not resolve whether quail slow MyHC 3 is more likely to be an avian homologue of one or the other mammalian cardiac MyHC genes. Like the ␣-cardiac MyHC (56), the quail gene is expressed at high levels in the atria (Fig. 4B ), yet similar to ␤-cardiac/slow MyHC (28, 57) , the quail gene is expressed in slow skeletal muscles (Figs. 4C and 6A) .
The greatest divergence among MyHC proteins is found in the amino termini, and quail slow MyHC 3 amino acid sequence in this region is strikingly different from both avian fast MyHC and mammalian ␤-cardiac/slow MyHC isoforms (Fig.  3B) . Unambiguous nucleotide sequence, obtained from both cDNA and genomic DNA clones, suggests that translation of slow MyHC 3 mRNA starts with the methionine codon at the beginning of exon 3. The sequence flanking this putative initiator codon includes both the crucial Ϫ3 (A) and ϩ4 (G) nucleotides found in vertebrate mRNAs (58) . In contrast, the various avian fast skeletal isoforms show 87-98.5% amino acid homology in this region of the molecule.
Regulation of Quail Slow MyHC 3 Gene Expression-An examination of sequence in the slow MyHC 3 proximal promoter identified several regions of homology with previously described regulatory elements involved in muscle-specific gene expression. Interestingly, although the 290 bp immediately FIG. 6 . In situ hybridization localizes slow MyHC 3 in quail slow fiber muscles and the atria. Sections through the quail ED10 thigh (A) and heart (B) were hybridized with a slow MyHC 3-specific RNA probe complementary to 3Ј-untranslated sequence. A, a strong signal is found over the slow fiber medial adductor (Med. Ad.) muscle, with a much weaker signal over the mixed fast/slow fiber lateral adductor (Lat. Ad.) muscle. B, both atria (Atr) show strong hybridization signals, whereas the signal over ventricular muscle (Vent) was greatly reduced.
upstream of the transcription initiation site contains extended homology (10 consecutive nucleotides) to a region (␤e2) essential for skeletal and cardiac muscle cell-specific expression of ␤-cardiac/slow MyHC genes (40, 41) , and significant homology with an essential MEF-2/MHox element in the mouse ␣-cardiac MyHC promoter (59) , this portion of the slow MyHC 3 promoter permits expression of a CAT reporter gene at a low but significant level in fibroblast cells. Transfections of the SM3CAT-290 construct, showed less than 5-fold difference in the level of CAT expression between cardiac myocyte and fibroblast cell cultures, 2 and only an 8-fold difference between embryonic skeletal muscle and fibroblast cell cultures (Fig. 7B) .
A substantial (40-fold) difference in expression between skeletal muscle and fibroblast cells is observed when an additional 390 base pairs of the slow MyHC 3 promoter are included in the SM3CAT-680 construct. This region of the promoter contains an MEF-3 binding site motif (44) , and a consensus N-box motif (45) , sequences reported to bind factors that may act as transcriptional inhibitors of contractile protein gene expression in non-muscle and myoblast cells (44, 45, 60) . Thus, the MEF-3 and N-box motifs may be important elements in restricting expression of slow MyHC 3 to striated muscle. While the sequence between Ϫ680 and Ϫ290 has no demonstrable effect on expression in embryonic muscle cultures (Fig. 7B) , in cardiac muscle cultures this region dramatically reduces expression when compared with a construct containing only 290 bp of the slow MyHC 3 promoter. 2 Thus, sequence elements that confer high level expression of the slow MyHC 3 gene in skeletal muscle fibers appear to differ, in part, from those that are required for expression in cardiac muscle cells.
Additional sequence, located more than 2.6 kb upstream of the transcription initiation site, further enhances expression of the reporter in skeletal muscle cultures (Fig. 7, SM3CAT- the importance of genomic sequence located many kilobase pairs distal to the transcription initiation site for muscle-specific expression of the mouse ␣-cardiac MyHC gene (61) .
Developmental Expression of MyHC Genes-During skeletal muscle development, a series of MyHC isoform transitions occur in which one member of the family is replaced by another. Although there is no single pattern, sequential expression of different fast MyHC isoforms has been described for all fast muscles (5, 21, 54) . In birds, a series of transitions in the expression of the three currently recognized slow MyHC isoforms have also been documented (5, 20, 54) . Furthermore, recent studies suggest that mammals may also express multiple slow MyHC isoforms, and that transitions may occur among various isoforms during development (16) . A previous study of slow MyHC protein isoforms present in the early avian limb (20) , as well as results on RNA accumulation presented here (Fig. 5A) , establish slow MyHC 3 as the first slow MyHC isoform expressed in limb muscles. An analysis of the time course of slow MyHC 3 expression showed a peak at around ED10, coincident with the period of maximal primary skeletal muscle fiber formation in the developing hindlimb musculature.
In vitro analyses have shown that the fast and slow muscle phenotypes present in developing avian limbs arise from two distinct populations of embryonic myoblasts: those that form fibers expressing slow MyHC isoforms and those that do not (22) (23) (24) . Clonal populations of embryonic myoblasts, when allowed to differentiate, give rise to homogeneous colonies in which every muscle fiber either does or does not express a slow MyHC isoform. Furthermore, when cloned embryonic myoblasts are injected into embryonic limb buds, the introduced cells form a single fiber type regardless of their final position in slow or fast muscle (23) .
Immunohistological staining of early hindlimb muscle with mAb S58 (5), Northern blot analysis using a slow MyHC 3-specific nucleic acid probe (Fig. 4) , and in situ hybridization (Fig.  6A) provide evidence that slow MyHC 3 expression in the embryonic hindlimb is limited to regions that in the adult contain slow muscle fibers. Secondary muscle fibers, which form from the second, or fetal myoblast population, emerging during the fetal phase of muscle development (ED10 to hatching), express predominately fast MyHC isoforms (24) . During fetal development, expression of slow MyHC 3 in the hindlimb rapidly declines as the gene is down-regulated and/or the percentage of the message decreases as a result of an increase in the amount of fast MyHC mRNA produced in newly forming secondary fibers (Fig. 5B ). Together these results distinguish slow MyHC 3 as an exceptional genetic marker of commitment to the slow muscle cell lineage during the earliest stage of myogenesis in the limb.
Slow MyHC 3 as a Probe for a Slow Myoblast-specific Factor-By using embryonic myoblasts isolated from ED6 hindlimbs in transfection studies, we have attempted to mimic in vitro events occurring in the early embryo. In our culture system, nearly all of the muscle fibers that form express a slow MyHC reactive with mAb S58 (Fig. 8C) . Thus, it is not surprising that muscle fibers in this culture setting express slow MyHC 3 promoter-CAT reporter constructs. Double staining of SM3CAT-680-transfected hindlimb cultures with mAb S58 and a polyclonal antibody against CAT (Fig. 8, C and D) , demonstrated that cis-elements in the proximal promoter of the slow MyHC 3 gene are sufficient to direct expression of the CAT reporter in embryonic skeletal muscle fibers.
Using sequences in the proximal promoter as a probe, we have now begun to search for factors regulating expression of the slow MyHC 3 gene during embryonic fiber formation. The identification of MEF-3 and N-box sequence motifs in a functionally defined region of the gene, and extended homology between slow MyHC 3 and a region (␤e2) essential for muscle cell-specific expression of ␤-cardiac/slow MyHC genes (40, 41) , suggest candidates for testing. We believe that an understanding of slow MyHC 3 gene regulation will provide clues to distinguish differences in the myoblast precursors of fast and slow fibers, and thus provide insight into the mechanism by which different muscle cell lineages are established. 
